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Abstract

Aerodynamics of an HST with a range
of 16,000km has been studied on the as-
sumption that the Mach number at the be-
ginning of horizontal cruising is 7. Orbit
analysis has been made through modeling of
the relations of air density and sound ve-
locity vs. altitude and of lift-to-drag
ratio and specific impulse vs. Mach number,
revealing that the aerodynamic character-
istic effective to increase the payload
and shorten the flight time is the lift-to
~drag ratio under hypersonic flight. The
results of a wind tunnel test of the ST
model at Mach number 7 have shown that the
geometry of the model almost satisfies the
aerodynamic performance assumed in said
orbit analysis. BAn experiment for heating
of the air stream beneath the afterbody
suggests the possibility of improving the
lift-to-drag ratio. Applicability of the
heat addition to a real HST remains a
problem to be thrashed out.

I. Introduction

Hypersonic Transport, which will be
able to fly halfway around the Earth in
about 2 or 3 hours, is expected to promote
new developments in aircraft transport and
at the same time to be applicable as a
means of space travel. Feasibility of HST
has been shown even in the studies re-
ported up to the early 1970s (1)~ (8)

It would be significant to examine an
HST plan based on more advanced aircraft
technology of today.

This paper discusses an economical
cruising type HST from an aerodynamic
point of view as follows :

(1) Supposing that the HST flies halfway
around the Earth in a gquasi-stationary
equilibrium flight, the relations between
variations in the velocity, Mach number,
weight etc. along the anticipated flight
path and the aerodynamic characteristics
of the HST are investigated.

(2) The basic geometry of the HST with de-~
sirable aerodynamic characteristics is ex-
perimentally and numerically investigated.
(3) The effect of heating the air stream
beneath the afterbody as a means to im-
prove and control the aerodynamic charac-
teristics under hypersonic cruising is ex-
amined.

II. Flight Path and Aero-
dynamic Characteristics
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The equilibrium flight is expressed
by the following equations.

T = D + mgsin® (1)
mgcosd = L (2)
where T thrust; D drag; L lift;

m : HST mass; g : gravitational acceler-

ation; and 9 path angle.
Writing
- - dra
T = VgISp a——s— (3)
{1) and (2) can be combined into
dm _ 1 cosh . ds
- —In—- = —]—:—— ( T, + SJ.nB) —\7— (4)
sp (H)

where V is the velocity along the path s,
and Igp is specific impulse. Integrating
(4) with respect to the nondimensional
distance £ along the Earth surface(ds cos §
= Rd{, R : range) instead of using s,
yields the mass change from the time of
take-off (index O) as follows

a2

1

m r ,P0 7 1 1
-—={1——(->2—-—J

m 0 (Isp)O I

3w .
0 5 0,"s
22 (T2)
SP
P C
1 g L % 2
-(;ET + tanf))'(cose ) “dg} (5)
D
where Wo the wingloading at take-off;
p : air density; and Cp, : lift coef-
ficient.
From (2) it follows that
W
v = ng %_ cosb (6)
fo Mo (Socp
Po

and the Mach number M can be ecxprassed by

M=

NERS

(7)

where a is sound velocity.



Flight time t can be determined from

o [ g

Jo Vcosd (8)

Altitude h can be determined from

£
h = f Rtan6dg (9)
0

Thus when the variations of p and a with
h and of L/D and Igp with M are known and
8 is controlled, the relationship between
flight path and aerodynamic character-
istics can be investigated using the
system of (5)~(9). As for the values of p
and a, the Standard Atmospheric Table is
referred to. As for the Igp-M relation,
available data will be employed(3)., 1In
view of its aerodynamic importance, the
link between the L/D-M relation and the
results of the study are analyzed on
several cases indicated in Figure 1.
1, which deals with the cruising per-
formance of the conventional aircrafts,
might be called an ideal state(9). cCase

2 shows an anticipated HST performance and
Case 3 does a slightly inferior performance.

Meanwhile 6 is assumed as follows :
after take-off the HST climbs up at 65 =
30°; at the Mach number initially set, i.
e., Mc, it goes into horizontal flight (8
=0° and, reaching a point above the
destination, it descends at tanfg = -0.1
(6@ = =5°40").

Except in time of descent, a powered
flight is considered. Cj is set at 0.15
(see Sigure 10). The other necessary data
are given in Table 1.

Figures 2-5 respectively indicate the
variations of altitude, velocity, Mach
number and mass with £, which have been
obtained for Mc = 7 in cases 1 ~3 (D~®)
and for Mc = 6 in case 3 ((® '), of Figure
1. Figure 6 magnifies the state of ascent
and descent of the HST for Mg = 7 in case
2.

Case

From the results obtained under the
above assumptions, it can be seen that the
cruising altitude is about 30km and is a
little higher for Mc = 7 than for Mc = 6.
Mc is attained when the cruising altitude
is reached; the velocity amounts to 2.20
km/s at Mc = 7 and to .1.93km/s at Mc = 6.
Thereafter the flight continues up to a
point above the destination with slight
deceleration.

The effects of L/D and Mg emerge most
prominently with respect to mass change
and flight time. Mass ratios my/mg at
landing are respectively 0.635, 0.530,
0.438 and 0.418 for @Q~(B)'. Therefrom it
follows that an increased L/D under hy-
personic flight will be important for the
purpose of increasing the HST payload. The
flight times will be respectively 141.3,
147.9, 155.4 and 175.9 minutes for Q~Q'.
Therefrom it is known how important for
the purpose of reducing the flight time of
the HST are an increased L/D under hy-
personic flight and a higher Mach number
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to be initially set.

Pigure 7 is a sensitivity analysis
about the data on @. From Figure 7(a) it
is seen that an increase in Igp and L/D
will be the most effective to increase the
payload, followed by an increase in Mc.

It is less sensitive to Cp, Wo or 83. The
payload decrease is sensitive to an in-
crease in R. Figure 7(b) shows that an
increase in Mc is the most effective to
reduce the required flight time followed
by those in 83, Igp and L/D. It is less
sensitive to Cr, and Wp. Ci, is important
for setting the flight height.

III. Aerodynamic Character-
istics of HST

One of the important things in design-
ing the cruising type HST is the setting
of the Mach number for horizontal flight.
In this study Mc = 7 is set as a reasonable
target value, considering the scope of a-
vailable data on the prospective ramjet
and the thermal reaction of the atmospheric
molecules in hypersonic flight. As a
result of preliminary investigations about
the basic form of a spiked delta wing, an
initial configuration as illustrated in
Figures 8 and 9 has been proposed as a
subject to be studied. The body is sharply
pointed, slender in section with round top
and flat bottom. The wing is a delta wing
swept-back to 65° with a strake wing swept-
back to 839 the angle of attaching to the
plane axis being 10°. The upper line of the
body is defined as the plane axis. The
angle of attack, o, is measured from the
axis. Behind the wing comes a plate after-
body fitted at -5° to the plane axis. Two
fences are fitted parallel to the plane
axis beneath the wing to hold a pressurized
gas in between them. As suggested by the
analysis in II, the aerodynamic character-
istics under hypersonic flight is essential
to the HST performance. Therefore an ex-
periment on said configuration has been
done in the hypersonic wind tunnel (M = 7
Reynolds number based on the model length,
Re, = 0.8~3.2x106) of 50cm in the diameter
of the measuring section at National Aero-
space Laboratory; for details of the wind
tunnel, see reference 1ll1. Figure 10 summa-
rizesthe results of the wind tunnel test
at Re = 3.2x106 together with the results
of Newtonian flow:simulation analysis
based on panel division and its boundary
layer correction-:analysis.

CL increases with the angle of attack
o from -=10° to 10°, Cp has the minimum
value near o = -7° and tends to increase
in the positive range of a. Cy is the
pitching moment coefficient around the tip.
(L/D)max is 2.8 when Re = 0.8x106 and in-
creases with Re. In FigurelO(b), (L/D)pax =
3.6 and Cr, = 0.15 are obtained at o = 2°.
The aerodynamic center is estimated to be
located at 60.4% of the body length from
the tip in this state. These data approx-
imately correspond to those used in the
analysis in case @ mentioned in II. Though
the effect of the fences is not apparent
in Figure 10, it will be discussed later



in relation to the surface flow patterns.
From the Schlieren photograph (Figure 1l),
it can be seen that the shock wave is not
so strong and the flow attaches to the
surface., 0il flow patterns reveal that
the parallel flow is established along the
lower surface as a whole at o = 2° without
fences, and the inflow downstream of the
junction of the strake and the main wing
and the outflow near the wingtip are noticed
(Figure 1l2(a)). The fence generates new
inflow near the leading edge but remarka-
ble changes are not observed except that the
outflow near the wingtip is improved (Fig-
ure 12(b)). The fences are expected to
introduce high pressure air into pro-
pulsion system without disturbing the
ambient flow field. The flow on the upper
surface is observed to be considerably
three-dimensional and the behaviour of
viscous flow associated with the pressure
distribution seems important for detailed
discussions (Figures 12(c) and(d)). Though
the primary estimate of the character-
istics in Figure 10 can be done by
Newtonian flow simulation analysis and the
viscous correction, more elaborate method
of analysis would be necessary for des
tailed design.

Similar tests are in progress for im-
proving the performance by modifying the
geometry.

IV. Control of Aero-
dynamic Characteristics
by Heating of Stream
Beneath Afterbody

An idea has been suggested of in-
creasing the 1lift and decreasing the drag
by elevating the static pressure of a
supersonic stream flowing beneath the HST
afterbody through heating(7),(12),

Putting the inclination angle of the
model tip to the air stream and that of
the afterbody to the air stream re-
spectively as 063 and -6, the areas of the
main wing and the afterbody respectively
as Al and A, the static pressures acting
on the main wing and on the afterbody re-
spectively as P; and P4, andthe increment
of P4 due to heat addition as AP4, the
primary contribution of the heated stream
to the lift-to-drag ratio will be ex-
pressed by

Z= @i+ ¢ co8 -
cosel+ (ﬁfb chose
+ = Sin§4 —) A 7y (10
sinfi —(I)—i)o Klsn.ne
Wh;re ( ) o shows the value without heat-
ing .

To determine how effectively the idea
can be realized is the problem to be solved
hereafter. 1In this study an experiment
has been undertaken of heating the air

stream flowing along the surface of the plane
body upstreamof the afterbody,using a.wind
tunnel model (Figure 13) on a reduced scale

.with near-similarity to the model illus-

trated in Figure 8, installed in the hyper-
sonic wind tunnel (M = 7) at Department
of Aeronautics, Paculty of Engineering, of
the University of Tokyo. An electric
heater , set in the body is used to control
the surface temperature Ty. As the elec-
tricity supply is- switched on just before
the model is put in the flow, the surface
temperature increases locally (Figure 14).
The temperature distribution is unchanged
during the measurement. In thewind tunnel,
Ty can be set at about 1.6 times To by
holding the stagnation temperature Tpat low
value. Figure 15 shows the ratio of the static
pressure P] beneath the mainwing and the
static pressure P4 beneath the afterbody as a
function of Tw/To. It is seen howP4/P3; in-
creases with an increase of Ty and then de-
creases, but the measuredvalue is found con-
siderably lower than the value estimated by
Euler equation. T1f we substitute the result
(P4/P1)p =0.42 and AP4/ P1 = 0.25 into (10) and
use the values A/A] = 3/8and 6/63 = 1/2 for the
HST model discussed in III, (L/D)max is
expected to increase from 3.6 to 4.1 by

the aerothermodynamic control.

Practical application of the idea to
the aerodynamic control of a real HST would
have to be undertaken considering the
process of heat addition and the scale
effect.

The propulsion system is not involved
in the present study and further study is
needed for the integrated configuration.
The shock-boundary layer interaction as one
of the important problems associated with
engine installation is investigated sepa-
rately, and the importance of three-
dimensional boundary layer separation and
the generation of longitudinal vortices
are revealed experimentally (13)

V. Conclusions

1. An analysis of equilibrium flight
of HST with Mg = 7 reveals that an ef-
fective aerodynamic measure to raise the
payload and reduce the flight:time will
be an increase in the lift-to-drag ratio
in hypersonic flight.

2. A wind tunnel test of HST model at
M = 7 has been done, yielding a lift-to-
drag ratio of 3.6 and a lift coefficient
of 0.15. A Newtonian flow simulation analy-
sis has been found useful for primary esti-
mation of the performance of HST model.
With reference to the analysis 1 in the
above, the HST model has been confirmed as
a candidate of the basic configuration of
the HST.

3. Possibility of improving the lift-
to-drag ratio by heating the stream beneath
the afterbody has been proved. A number
of problems remain to be solved before
application to the real HST, such as the
boundary layer, and the scale effect.

4, summing up the results in 1 and 2
above and assuming an HST of Mc = 7 and
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length of fuselage egual to Boeing 747 (
70m) , realization of a transport which

can fly halfway around the Earth in about
2Y5 hours carrying a payload of about 30
tons is found feasible, provided the dead-
weight is estimated at 40% of the take-off
weight.
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R range 16,000km
W0 take-off wingloading 700kg/m2
spo take-off specific impulse 5000s
o air density at sea level l/8kg52/m4
Table 1. bata of the analysis.
o
o
w ]
£
N ©
49
® /®
o
o
o I I I T I T T I 1
0.00 2.00 4,00 6.00 8.00

M

Fig. 1 Various models of lift-to-drag ratios vs.

80.00

H(KM)
40.00

Mach number.

0.00

I T i I l I

0.00 0.20 0.40 0.60

Fig. 2 Flight height.

1435

1.00

N2

@9

~



4.00

2.00

: A9

| 1 I ! | T | ) ! |
0.00 C.20 0.40 0.60 0.80 1.00

3

Fig. 3 Variations of flight speeds vs. nondimensional distance.

V(IKM/S)

0.00

Go

16.
J

=3
m'—
\%—;

o]
(=]
.

1 | | 1 1 I | 1 I 1
0.c00 0.20 0.40 0.60 0.80 1.00

¢

Fig. 4 Variations of Mach numbers vs. nondimensional distance.

m/mg

0.00

T T T T T 1 T T T 1
0.00 0.20 0.40 0.60 0.80 1.00

Fig. 5 Variations of weights vs. nondimensional distance.

1436



8_
é—
;o—
x g
T ¢
8
= T 1 1
0.00 0.10 9.90 10,00
(X10™ ) (X107 )
(a)
8
-
o -
~N
£8
-~
P
8 A
=4 T 1 T T 1
0.00 o0.10 9.80 10,00
(X1o0™* » (X10°'

(b)

T S |
0.00 0.0
tx10°!

)

| S ]
8.80 10,

(x10°"

(d)

Fig. 6 Take-off and landing characteristics in case @ .

(a) Flight path.

(d) Weight.

my
m
)
Mo
LA
Isp_
Ispo
__15_
: l\'/‘c Wo,Ci .Ba
0.9 1.1
/’ R
0.91
(a)

Fig. 7 Effect of design parameters in case @ (*).
(a) Weight change.

1437

(b) Flight speed.

A
T*

-~
-
-
-
-

(c) Mach number and

0o
)

0.9

(b) Flight time.




25
7° e U
o
3 ——— - N
300

<

10° .

fences Fig. 9 Wind tunnel model of HST.
(unit : mm)
Fig. 8 Basic configuration of HST.
47
I’-\\\ =
¥ ~ ---- Newtonian 1i
H \‘\ L
; \ Viscous Correction /D
104"~ -5
~
~
— ~
CL.Cp s
= B L /‘\__\ 44
//D "

I
1
o
w

(a)

Aerodynamic characteristics of the HST model at
7.10 and Re = 3.2x106. (a) Analysis. (b) Experiment.

Fig. 10
M=

1438



CL ,CD o: without fences %

1.0 -6
o : with fences
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Fig. 10 (b)

Fig. 11 Schlieren photograph of the flow around the HST model
without fences (a = 2°).
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(a)

(b)

Fig. 12 0il flow patterns.
(a) Lower surface, without fences.
(b) Lower surface, with fences.
(c) Upper surface, without fences.
(d) Upper surface, with fences.

1440



=)
= os
y 10° f\ﬁ
)
N =
|
|E 0.6
>
107.5
87.5 20 0.4}
HEATER
P3 P5
p O erioem 0.2}
(o] O ©® 80 Q
P2 T2/P4 ©
(unit : mm) - Y 0.7 1?0
X/L
O P I pressure sensor
o T : thermocouple
Fig. 13 Wind tunnel model Fig. 14 Surface temperature distributions
of heat addition. at several Ty.
Ps/ P4 M=7
0.7¢
o Re=4.4 x10°
o
0.61
o]
0.5% o
o o}
S (o] o (o]
0.4
0.3
0.2¢
o experiment
01l - analysis
0 0.2 0.4 0.6 0.8

(Tw-To)/To

Fig. 15 Pressure change on the afterbody due to heat addition.

1441



